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Signal integrationBoth the BMP and Wnt pathways have been implicated in directing aspects of dorsal neural tube closure and
cell fate speciﬁcation. However, the mechanisms that control the diverse responses to these signals are
poorly understood. In this study, we provide genetic and functional evidence that the secreted sFRP1 and
sFRP2 proteins, which have been primarily implicated as negative regulators of Wnt signaling, can also
antagonize BMP signaling in the caudal neural tube and that this function is critical to maintain proper neural
tube closure and dorsal cell fate segregation. Our studies thus reveal a novel role for speciﬁc sFRP proteins in
balancing the response of cells to two critical extracellular signaling pathways.
© 2009 Elsevier Inc. All rights reserved.Introduction
The proper development of all multicellular organisms requires
the spatial and temporal coordination of numerous extracellular
signaling cues. Developing embryos comprise a complex and dynamic
environment where cells are typically exposed to many signals that
may serve either synergistic or antagonistic roles. A key question is
how cells within such an environment regulate their responses to
these competing inﬂuences to enact appropriate cell fate speciﬁcation
and differentiation programs.
In vertebrates, ﬁve sFRP genes have been identiﬁed, each showing
dynamic and partially overlapping expression patterns in many
tissues during development and in adults (Chapman et al., 2004;
Esteve et al., 2000; Leimeister et al., 1998; Terry et al., 2000). These
genes encode a family of secreted proteins that share homology with
the Wnt Frizzled (Fz) receptors and can competitively bind Wnt
ligands and were initially identiﬁed as negative extracellular
regulators of Wnt signaling (Bovolenta et al., 2008; Jones and Jomary,
2002; Kawano and Kypta, 2003; Rattner et al., 1997). In the CNS, both
sFRP1 and sFRP2 have been shown to be capable of inhibiting
canonical Wnt signaling (Galli et al., 2006; Lopez-Rios et al., 2008;
Rodriguez et al., 2005). In addition, mutations in sFRP genes are
associated with a number of Wnt-related cancers and similar
disorders, consistent with their role as negative regulators of this
pathway (Shulewitz et al., 2006). However, the close sequence andatisemp@umdnj.edu
ll rights reserved.structural similarity of these proteins and the possibility of redundant
function has hampered a clear deﬁnition of their individual and
overlapping roles in vertebrate embryogenesis.
Recently, studies in frog and zebraﬁsh embryos have implicated
sFRP family proteins as mediators of BMP signaling during embryonic
axis formation, a classic model system for identifying and assaying
BMP antagonist activities (Lee et al., 2006; Muraoka et al., 2006). In
these studies, it was shown that sizzled, the anamniotic sFRP
homolog, could block BMP signaling by binding to and inhibiting
the activity of Tolloid/BMP1, a metalloproteinase that positively
regulates Bmp signaling by cleaving and inactivating the extracellular
BMP inhibitor Chd. Notably, the mouse sFRP2 protein was also found
to possess Tolloid/BMP1 inhibitory activity, suggesting that aspects of
this interaction or function could be conserved across vertebrate
species. Together, these data raise the possibility that vertebrate sFRP
proteins have the potential to simultaneously regulate both Wnt and
BMP signaling and therefore coordinate their activities, although
experimental evidence supporting such a role in vivo has not yet been
provided.
In this study, we present evidence that sFRP1 and sFRP2 play
critical roles during vertebrate development by regulating BMP
signaling in the dorsal neural tube and ectoderm. We show that
mouse sFRP1;sFRP2 double mutants exhibit a unique neural tube
defect (NTD) phenotype in the caudal spinal cord that is associated
with an up-regulation of both BMP and Wnt signaling in this tissue.
Using a gain-of-function assay, we furthermore demonstrate that
many aspects of the mouse sFRP1;sFRP2 mutant NTD phenotype can
be experimentally modeled in chicks by BMP4 overexpression and
that sFRP1 and sFRP2 can speciﬁcally inhibit these effects by blocking
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suggests a new role for sFRP proteins as critical coordinators of BMP
and Wnt signals during vertebrate embryogenesis.
Materials and methods
Animals
Targeted mouse sFRP1 (Bodine et al., 2007) and sFRP2 (Kobayashi
et al., 2009) mutants were maintained on an outbred SW background.
For staging litters, the morning of plug detection was designated
0.5 days postcoitus (dpc). To obtain litters containing double-mutant
embryos, sFRP1+/−;sFRP2+/− adults were intercrossed, and embryos
were genotyped using PCR as described (Bodine et al., 2007; Lei et al.,
2006). Fertilized White-Leghorn chicken eggs were obtained from
Charles River Labs and stored at room temperature until being placed
in an incubator at 38 °C. Electroporations were performed as
described (Lei et al., 2004).
Plasmids and constructs
chd, noggin, sFRP1, sFRP2, and Dkk1 cloned into the bi-cistronic
pCIG vector that also encodes GFP.
For cotransfection experiments, mouse BMP4 was subcloned into
the pCS2 vector (which does not encode GFP). Transfection efﬁciency
was monitored in adjacent sections using RNA in situ hybridization
with a probe that is speciﬁc for mouse, but not chick, BMP4, while GFP
expression was used to monitor the expression of the cotransfected
cDNA.
Immunohistochemistry and mRNA in situ hybridization
These procedures were performed as described (Lei et al., 2004).
Results
Failure to maintain caudal neural tube closure in sFRP1;sFRP2
double-mutant embryos
To deﬁne the unique and overlapping roles of sFRP1 and sFRP2 in
CNS development, we analyzed single and compound mutant
embryos from targeted sFRP1 and sFRP2 mouse lines (Bodine et al.,
2004; Kobayashi et al., 2009; Lei et al., 2006). It was previously
reported that double homozygous embryos exhibit somite patterning
defects in thoracic regions and a truncated tail at early embryonic
stages (Satoh et al., 2006; Satoh et al., 2008).We also observed a neural
tube defect (NTD) localized to the lumbar region caudal to the hind
limbs in nearly 100% of the sFRP1−/−;sFRP2−/− double homozygous
(DKO) mutant embryos examined at embryonic day (E) 10.5 and 11.5
(Figs. 1a–c; n=23/25 embryos examined; data not shown) that bore
a striking similarity to a human condition known as hydromelia
(Ikenouchi et al., 2002). Examination of sections through the affected
region at E10.5 revealed an apparent enlargement of the dorsal neural
tube (Figs. 1d and e), which became highly disrupted at E11.5 (Fig. 1f).
Staining with antibodies to E-cadherin to mark the non-neural
ectoderm (NNE) showed that a contiguous epithelium was present
over the expanded dorsal neural tube at E10.5, which impinged into
the central canal at E11.5 (Figs. 1g–i and o). Notably, theNNE overlying
the neural tube was thickened in double mutants compared to wild-
type (WT) embryos beginning at E10.5 and became progressively
thicker by E13.5, even in thoracic regions where no NTD was evident
(Figs. 1g–i; Fig. S1). No dorsal neural tube defects were found in either
single mutant or in double mutants containing at least 1 normal allele
of either sFRP1 or sFRP2 (Figs. 1n and q; data not shown).
To further characterize the origin and progression of the NTD, we
collected embryos at stages between E10.5 and E13.5 and stainedtissue sections with markers that identify speciﬁc cell types. In DKO
embryos at E10.5, the roof plate (RP) marker Lmx1a (Millonig et al.,
2000) was detected in a broader domain than in either wild-type
(WT), sFRP1−/−, or sFRP2−/− single mutants (Figs. 1m–o; data not
shown). Also at this stage, the BrdU incorporation rate for cells in the
enlarged dorsal midline region was similar to the RP inWT embryos in
which short pulse times (≤30 minutes prior to sacriﬁce) labeled
fewer cells than in adjacent areas where the neuroepithelium is
proliferating more rapidly (Figs. 1j and k). In addition, the expression
of activated caspase-3, a marker for cells undergoing apoptosis, was
sharply elevated in dorsal midline cells in DKO embryos (Figs. 1p–r).
Together, this analysis reveals that the lumbar NTD in sFRP1;sFRP2
double homozygotes arises from an abnormal expansion of dorsal
midline and NNE tissues after neural tube closure accompanied by
elevated cell death in the dorsal midline of the spinal cord, leading to
the collapse of the NNE into the central canal.
The unique NTD phenotype in sFRP1;sFRP2 double homozygous
mutant embryos compared to either single mutant alone prompted us
to carefully examine the expression patterns of these two genes in the
lumbar region around the time of caudal neural tube closure (E8.0–9.5
in the developing mouse). At late neural plate/neural fold stages (E8–
8.5), sFRP1 transcripts were detected in a continuous band of cells at
the margin of the neural plate and NNE, as well as in a medial (future
ventral) region of the neuroepithelium, but no expression was seen in
the dorsal neural folds (Fig. 2a). This basic pattern persisted after
neural tube closure, with sFRP1 expression being detected in the
ependymal zone cell layer lining the central canal, and NNE
throughout neurogenesis (Figs. 2b and c). In contrast, sFRP2
expression at E8.5 was not detected in the NNE, but instead was
widely expressed in the neurectoderm (Lei et al., 2006), with strong
expression in the dorsal neural folds (Figs. 2d and g). Between E9.5
and 10.5, sFRP2 expression became progressively restricted to two
domains ﬂanking the dorsal midline in lower thoracic and lumbar
regions, concomitant with the induction of the RP (Chizhikov and
Millen, 2004b) as well as to the ventral neural tube (Figs. 2e, f, h, i, and
w). Analysis of sFRP1 and sFRP2 expression in single mutants showed
that neither gene requires the other for its expression (Figs. 2m–r).
Thus, sFRP1 and sFRP2 are expressed in adjacent and largely non-
overlapping dorsal tissues in the lumbar region during neural tube
closure stages.
The complementary expression patterns of sFRP1 and sFRP2 in
dorsal regions, taken with the observation that the NTD does not arise
unless both genes are absent, suggest the possibility that these factors
may independently regulate signalling between the neural tube and
NNE following neural tube closure. To examine this possibility, we
studied the expression of BMP4 and Wnt6, two factors expressed in
the NNE that have been shown to play a role in providing important
cell fate cues in these tissues (Garcia-Castro et al., 2002). Notably, we
found that BMP4 expressionwas up-regulated in dorsal NNE overlying
the neural tube in sFRP1−/− and DKO embryos compared to WT or
sFRP2 mutants (Figs. 2s–v). In contrast, Wnt6 expression in the NNE
was unaltered in sFRP1 and sFRP2mutants but was down-regulated in
DKO embryos (data not shown). Together, these observations show
that loss of sFRP1 alone is sufﬁcient to give rise to increased BMP4
expression from the NNE but not for the development of the NTD,
which requires the additional loss of sFRP2 from the neural tube.
Incomplete segregation of neural crest and roof plate fates in
sFRP1;sFRP2 double-mutant embryos
The nature of the dorsal neural tube defect in sFRP1;sFRP2 double-
mutant embryos prompted us to study the development of cells that
normally derive from this region. To do this, we used antibodies
against key transcription factors that identify distinct cell types in
mutant embryos at E9.5–10.5. Neural crest (NC) cells are induced at
neural fold stages by signals emanating from the adjacent NNE and
Fig. 1. Neural tube phenotype of mouse sFRP1;sFRP2 double mutants. (a–c) Embryonic day (E) 10.5 mice showing the caudally restricted neural tube defect (NTD) phenotype in
sFRP1−/−;sFRP2−/− embryos compared to aWild-type (WT) littermate. Arrows in (b) highlight the open NTD and truncated tail in mutants. (d–f) Tissue sections throughWT (d) and
double-mutant embryos at E10.5 (e) and E11.5 (f) show that dorsal midline tissue expands and collapses in mutants. (g–i) Sections stained with E-cadherin to mark non-neural
ectoderm (NNE) overlying the neural tube show that this tissue extends over the expanded dorsal midline at E10.5 and E11.5 and is thicker than in WT embryos at lumbar levels
(green brackets and arrowhead). (j, k) BrdU incorporation is minimal in theWT roof plate (RP) after short-pulses (≤30minutes prior to sacriﬁce) and in the expanded dorsal midline
tissue in double-mutant embryos. (l) Hindlimb region of E10.5 double-mutant embryo indicates the level of sections shown in e and h. (m–o) The expression of the RPmarker Lmx1a
is expanded laterally in mutant embryos compared to WT and single sFRP2 mutants, which are similar (arrowheads). (p–r) Up-regulation of activated caspase-3 expression in the
expanded dorsal midline tissue of double-mutant embryos indicates an elevation of cell death.
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closure (Knecht and Bronner-Fraser, 2002). At E9.5, NC progenitors in
the neural tube can be identiﬁed by the expression of Foxd3, while
migrating NC cells at E10.5 express both Foxd3 and Sox10 transcrip-
tion factors (Fig. 3o) (Dottori et al., 2001; Kim et al., 2003).
Differentiated derivatives of NC cells contribute to numerous
peripheral tissues, including sensory neurons in the dorsal root
ganglia (DRG) located adjacent to the neural tube, which can beidentiﬁed by Islet1 HD protein expression, among other markers
(Thaler et al., 2004). We found that many cells located in the dorsal
midline of the neural tube abnormally coexpressed NC and RP
progenitor cell markers in caudal regions at E10.5 in DKO embryos
(Figs. 3a–n). This defect was accompanied by a marked reduction or
absence of migrating Sox10+, Foxd3+ NC cells, and Isl1+ DRG cells
(Figs. 3g–l; data not shown). These data indicate that, in the absence
of sFRP1 and sFRP2, RP and NC cell fates are initially speciﬁed (i.e.,
Fig. 2. Complementary sFRP1 and sFRP2 expression in dorsal tissues during and after neural tube closure. (a–c) At E8.5–10.5, sFRP1 transcripts are detected in a continuous
superﬁcial layer of cells at the surface of the embryo overlying prospective NNE (black arrowheads) and neural plate (red arrowheads in a). The surface neuroectoderm staining
persists in the ependymal zone of the central canal following neural tube closure (red arrowheads in b). In the CNS, expression is seen only in medial neural plate and ventral neural
tube (yellow arrowhead). (d–f) At E8.5, sFRP2mRNA is detected throughout the neuroepithelium including dorsally in the neural folds (arrowhead in d) but not in the surface NNE.
Following neural tube closure, sFRP2 expression is progressively down-regulated dorsally. (g–i, w) β-Gal expression from the sFRP2 locus shows a similar pattern of expression as the
mRNA, and conﬁrms that little or no sFRP2 expression is detected in NNE at any stage examined. At E10.5 (h), weak sFRP2 expression can be detected in a thin layer of cells at the
outer margins of the spinal cord. (j–l) Schematics summarizing the expression of sFRP1 and sFRP2 between E8.5 and 10.5. (m–r) The expression of sFRP1 and sFRP2 in single and
double mutants shows that their expression does not depend on each other and that both genes must be inactivated to abolish expression. (s–v) BMP4 expression changes in sFRP1/
sFRP2 mutant embryos at E10.5. BMP4 in the NNE (green arrowheads) is up-regulated in both sFRP1−/− (t) and sFRP1;sFRP2 double homozygotes (v). (w) Whole-mount X-gal
staining of an E10.5 embryo shows caudal progression of lacZ expression from the sFRP2 locus (white arrowheads).
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Fig. 3. Abnormal dorsal cell fate segregation in sFRP1;sFRP2 double-mutant embryos.
(a–d) In WT embryos at E9.5–10.5, the expression of Lmx1a and Sox10 marks distinct
populations RP and NC/dorsal root ganglion (drg) cells. In sFRP1−/−;sFRP2−/−
embryos, these markers are inappropriately coexpressed in dorsal midline cells
(white arrowheads), while gene expression in the region where drg cells are normally
found is absent (red arrowheads). (e–h) The expression of Msx1/2 proteins, which
normally marks dorsal progenitors in the neural tube that are distinct from migrating
Sox10+ NC cells in WT embryos, is also abnormally coexpressed in double mutants.
(i–j) The NC markers Foxd3 and Sox10 are abnormally expressed in dorsal neural
tube cells in double mutants. (k–l) The NC marker Foxd3 is abnormally coexpressed
with the dorsal neural progenitor marker Pax3 in double-mutant embryos. (m, n)
Coexpression of the dorsal neural tube progenitor markers Zic1/2 and Msx1/2 in both
WT andmutant embryos. (o) Summary of transcription factor markers for dorsal neural
cell types.
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the absence of NC-derived DRG in lumbar regions.
Up-regulation of BMP and Wnt signaling in the neural tube of
sFRP1;sFRP2 double-mutant embryos
Our analysis of the lumbar phenotype in DKO embryos suggests the
possibility that an imbalance of dorsal fate signals could be responsible
for both the open NTD and cell fate defects. A number of previous
studies have implicated the BMP and Wnt pathways in regulatingcommon and distinct aspects of dorsal neural development. To assay
whether the NTD and cell fate defects in sFRP1;sFRP2 double mutants
were associated with changes in either of these signaling pathways,
we examined the expression of molecular markers that provide a
readout of each pathway at E9.5, the stage at which themorphological
defects are beginning to appear in mutant embryos. BMPs signal
through Smad1/5/8 proteins, and elevated levels of phosphorylated
(p) Smad1/5/8 can be detected in the nucleus of cells exposed to BMP
(Shi and Massague, 2003). Using an antibody that speciﬁcally detects
pSmad1/5/8 (hereafter abbreviated pSmad1), we found that expres-
sion was seen in a broader domain in mutant embryos compared to
WT, where expressionwas largely conﬁned to the RP and immediately
adjacent neuroepithelium (Figs. 4a and b). Similarly, the expression
of two positive transcriptional targets of BMP signaling, Msx1, Wnt1,
as well as Wnt3a (Burstyn-Cohen et al., 2004; Tucker et al., 1998;
Winkler et al., 2005), was also expanded in dorsal tissue in sFRP1;
sFRP2 double mutants (Figs. 3c–h). Because RP tissue is enlarged in
DKO embryos, it is unclearwhether these changes in expression reﬂect
a cell-autonomous up-regulation of expression/signaling within
dorsal midline cells or are due to an increase in the number of
expressing cells.
Canonical Wnt signaling elicits the nuclear accumulation of β-
catenin, a critical component of the transcriptional complex that
regulates the genetic response to this signaling pathway (Barker et al.,
2000). In E9.5 sFRP1;sFRP2 double mutants, nuclear β-catenin levels
were elevated in the dorsal neural tube in comparison to WT control
embryos (Figs. 4i and j). In addition, cyclin D1, a transcriptional target
of canonical Wnt signaling that mediates its mitogenic effects (Tetsu
and McCormick, 1999), was up-regulated speciﬁcally in dorsal
midline cells in double mutants (Figs. 4k and l). Consistent with
this, phosphorylated Histone H3 (pHH3) expression, which marks
cells in the G2/M phase of the cell cycle, was also detected in dorsal
midline cells in DKO, but not WT, embryos (Figs. 4m and n). Notably,
the increase in dorsal midline cell proliferation seen at E9.5 appears to
diminish at E10.5 when RP tissue has expanded drastically, as
indicated by reduced short-term BrdU incorporation at this stage
(see Figs. 1j and k). Together, these data provide evidence that loss of
sFRP1 and sFPR2 results in an enhancement of both BMP and canonical
Wnt signaling in the dorsal neural tube.
sFRP1 and sFRP2 proteins can antagonize BMP signals in the spinal cord
Our observations that BMP target genes are up-regulated in the
dorsal neural tube of sFRP1;sFRP2 double mutants suggest that some
aspects of the defect could be due to an up-regulation of BMP
signaling. This possibility is also supported by the fact that the NTD in
sFRP1;sFRP2 double mutants is similar to those seen in mice mutant
for the BMP antagonists noggin or chd (Anderson et al., 2006; Harris
and Juriloff, 2007; McMahon et al., 1998; Stottmann et al., 2006). In
addition, while sFRP proteins have been shown to be capable of
antagonizing canonical Wnt signaling in the neural tube (Galli et al.,
2006), recent studies in frog and zebraﬁsh embryos have also
implicated sFRP family proteins as inhibitors of BMP signaling during
embryonic axis formation (Lee et al., 2006; Muraoka et al., 2006).
To determine whether sFRP1 and sFRP2 could inhibit BMP signals
in the amniote neural tube, we tested whether they could block the
effects of overexpressing BMP proteins in chick embryos. It has
previously been shown that misexpression of Tgf-β pathway
activators in dorsal neural tissue prior to H&H stage 12 (Hamburger
and Hamilton, 1951) can elicit an expansion of RP tissue (Chizhikov
and Millen, 2004b; Liu et al., 2004). BMP4, a protein expressed in the
NNE overlying the dorsal neural tube (Fig. 2), is particularly effective
in this (Chizhikov and Millen, 2004a; Liem et al., 1995). To conﬁrm
these results, we performed unilateral electroporation (EP) of a cDNA
encoding mouse BMP4 into the chick neural tube at E2 shortly after
closure (Figs. S2a and b). We found that this resulted in an expanded
Fig. 4. Elevated BMP and Wnt signaling in the dorsal neural tube of sFRP1;sFRP2 double mutants. (a and b) Phosphorylated (p) Smad1/5/8 expression (abbreviated “pSmad1”) is
expanded laterally in double-mutant embryos, compared toWT littermates. (c–h) Two transcriptional targets of BMP signaling, Msx1 andWnt1, as well asWnt3a, are up-regulated
in double-mutant embryos. Black arrowheads indicate approximate boundaries of expression in dorsal midline cells. (i and j) Confocal images showing elevated nuclear
accumulation of β-catenin, a marker for cells receiving positive canonical Wnt signaling, in dorsal cells in double-mutant embryos compared to WT littermates. Insets show
enlargements of indicated areas. (k–n) Expressions of cyclin D1 and pHH3 are up-regulated in dorsal midline cells (yellow arrowheads) in double mutants. All sections show lumbar
neural tube regions in E9.5 embryos.
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13 embryos), which was restricted to caudal regions even though
transfections extended into the thoracic and brachial regions (Figs. 5a
and b; data not shown). Thus, caudal regions of the neural tube appear
to retain a unique sensitivity to elevated BMP signaling after neural
tube closure.
To characterize the molecular changes underlying this phenotype,
we examined marker protein expression in transfected embryos one
day after transfection at E3. This analysis revealed an expansion of
Lmx1b+ cells (which marks RP cells in the chick), an up-regulation ofpSmad1, Msx1, Wnt1, and Wnt3a, and a decrease in BrdU incorpora-
tion in the dorsal midline on the transfected side at E3 (Figs. 5c–f; Figs.
S2a and b; Figs. S3a and b; Fig. S4). The similarity of this phenotype to
that seen in mouse sFRP1;sFRP2 mutant embryos (see Fig. 4) is
consistent with the idea the elevated BMP4 signaling could be
involved in both cases.
To determine the speciﬁcity of the effects of overexpressing BMP4,
we tested whether they could be blocked by known BMP and Wnt
antagonists by monitoring expression of BMP targets Lmx1b, pSmad1,
Wnt1, and Wnt3a in the caudal region of transfected embryos. As
Fig. 5. Misexpression of BMP4 elicits an open NTD defect in chick embryos that can be selectively blocked by sFRP1 and sFRP2. (a and b) Chick embryos transfected with a mouse
BMP4 cDNA using in ovo electroporation (EP) following neural tube closure at embryonic day (E) 2 exhibit a caudally restricted open neural tube phenotype when examined at E4.
(c–f) Sections through untransfected WT and BMP4-transfected embryos at E3 comparing expression of Lmx1b (marking RP cells in the chick) and pSmad1. Both markers are
expanded on the transfected side (marked by mouse BMP4 expression; see Fig. S4b). Yellow dashed lines demarcate affected region; the midline is indicated by a dashed white line.
(g–l) Cotransfection of BMP4 with the BMP antagonists chordin (chd), noggin, or smad7 effectively blocks ectopic Lmx1b+ RP cell induction and pSmad1 up-regulation. Note that
the antagonistic effects of noggin on Lmx1b extend to the contralateral untransfected side, while both chd and smad7 repression is cell-autonomous. (m and n) The extracellularWnt
antagonist Dkk1 is incapable of blocking BMP4-mediated Lmx1b and pSmad1 up-regulation. (o–r) Cotransfection of BMP4with either sFRP1 or sFRP2 cDNAs inhibits the induction of
ectopic Lmx1b+ RP cells and pSmad1 expression, with sFRP2 having a much stronger effect than sFRP1.
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could each effectively block Lmx1b expression and RP formation
(with chd having a more local affect than noggin), supporting priordata indicating that endogenous BMP activity is required for this in
vivo (Chizhikov and Millen, 2004a) (Fig. S2). Similarly, when
cotransfected with BMP4, all of these factors strongly antagonized
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data not shown). Cotransfection of the extracellular Wnt-speciﬁc
antagonist Dkk1 with BMP4 partially inhibited the induction of BMP
targets (Figs. 5m and n; Fig. S4) and was also capable of inhibiting NC
marker induction (data not shown), consistent with the role of
canonical Wnt signaling in this lineage (Lee et al., 2004). In contrast,
misexpression of Dkk1 alone in dorsal midline cells did not block the
expression of Lmx1b or pSmad1, suggesting that endogenous
canonical Wnt signaling is not required for BMP-mediated RP induc-
tion (Figs. S2 and S4; data not shown). Conversely, misexpression of a
dominant-active β-catenin construct did not induce Lmx1b, Wnt1, or
Wnt3a expression but could induce some NC markers such as HNK1,
Laminin, and N-cadherin, as previously shown (Figs. S2–S4) (Cheung
and Briscoe, 2003). These data indicate that the up-regulation of BMP
target genes in the dorsal neural tube and RP in BMP4-transfected
embryos arises primarily from BMP pathway activation and not
indirectly via downstream activation of Wnt signaling, which is
neither sufﬁcient nor required for this.
Having established a direct role for BMP signaling in RP induction,
we next tested the ability of sFRP1 and sFRP2 to antagonize BMP4
activity in these assays. We found that cotransfection of sFRP2 protein
with BMP4 completely blocked the induction of Lmx1b, pSmad1,
Wnt1, and Wnt3a, while sFRP1 had a more minor antagonistic effect
(Figs. 5o–r; Fig. S3). Further, sFRP3 had no effect on BMP4-induced
gene up-regulation in these assays (data not shown), indicating that
their effects were speciﬁc to members of this subfamily. Misexpres-
sion of sFRP2 alone had only a mild negative affect on RP or dorsal
neural tube development, similar to chd (Fig. S2; data not shown),
while sFRP1 had no effect, suggesting that for both proteins their
endogenous levels may be sufﬁcient to saturate their effects in vivo.
These results establish that sFRP1 and sFRP2 are capable of
antagonizing BMP-mediated RP induction and, taken with our
phenotypic studies of mouse sFRP1;sFRP2 double knockouts, support
the idea that loss of this activity is likely to contribute to the NTD seen
in these mutants.
Discussion
The results presented in this study reveal that sFRP1 and sFRP2
play critical roles in controlling the morphogeneis of dorsal
ectodermal tissues during early neural tube stages in vertebrates.
Our study identiﬁes a unique and novel phenotype in sFRP1;sFRP2
double mutants that is not present in either single mutant where
overgrowth of the dorsal neural tube in caudal regions following
neural tube closure leads to cell death and an open NTD. This defect is
preceded by a failure to properly segregate NC and RP cell fates and
by an up-regulation of both BMP and Wnt signaling in dorsal
progenitors of the neural tube. We have also shown that misexpres-
sion of BMP4 into the chick neural tube can elicit a similar dorsal
neural tube phenotype which can be blocked by sFRP proteins. The
striking similarity of this phenotype to the caudal NTD in mouse
sFRP1;sFRP2 double mutants, as well as to the NTD in mouse noggin
or Chd mutants (Anderson et al., 2006; McMahon et al., 1998;
Stottmann et al., 2006), provides evidence in support of a novel role
for sFRP1 and sFRP2 in regulating BMP signaling in the dorsal neural
tube. Taken together with mouse data and work published elsewhere
documenting a role for sFRP proteins as Wnt inhibitor in the dorsal
CNS (Galli et al., 2006; Lopez-Rios et al., 2008; Rodriguez et al., 2005),
our results point to a previously unappreciated role for sFRP proteins
as key coordinators of multiple important secreted fate determinant
cues during development. Furthermore, because both BMP and Wnt
signals are known to play both distinct and overlapping roles in
dorsal neural tube development and cell fate speciﬁcation, our
ﬁnding that sFRP1 and sFRP2 possess distinct BMP4 inhibitory
capabilities suggests that they may contribute disproportionally to
this process.A striking observation from our studies is the failure to properly
segregate neural crest (NC) and roof plate (RP) cell fates in double-
mutant embryos. These data are consistent with the idea that these
two cell populations derive from common dorsal neural progenitor
that requires the function of sFRP1 and sFRP2 and, by extension, a
proper balance between BMP and Wnt signals. It is furthermore
conceivable that this aspect of the phenotype may partially underlie
the abnormal expansion of dorsal midline tissue if NC cells fail to
delaminate from the neural tube to colonize the dorsal root ganglia
and also that the elevated cell death that occurs prior to the
development of spina biﬁda is the result of the misspeciﬁcation.
Prior studies have also associated changes in BMP4 signaling levels
with the onset of neural crest emigration from the avian neural tube
(Sela-Donenfeld and Kalcheim, 1999). In this work, it was shown that
elevated BMP4 was sufﬁcient to elicit the emigration of speciﬁed
neural crest cells from the dorsal neural tube. However, while our data
indicating an increase in BMP signaling in sFRP1;sFRP2 doublemutants
raise the possibility that the timing of neural crest cell migration
might also be affected in committed/speciﬁed progenitors, this would
be expected to lead to precocious, rather than delayed or blocked,
emigration, as we have noted.
Our detailed analysis of sFRP1 and sFRP2 expression in WT and
mutant embryos raises the possibility that reciprocal BMP signaling
between the NNE and neural tube, mediated by sFRP1 and sFPR2, may
be involved in normal neural tube and NNE development. Three
observations support this idea. First, the expression of sFRP1 and
sFRP2 are complementary in these two tissues, with sFRP1 being
largely conﬁned to the dorsal NNE and sFRP2 to the dorsal neural tube
prior to and shortly after closure. Second, the loss of either factor alone
does not affect the expression of the other. Third, even though BMP4
expression is elevated in the dorsal NNE of sFRP1 mutants, no CNS
phenotype is observed until sFRP2 is also absent from the neural tube.
These observations together provide genetic evidence for a bidirec-
tional loop of BMP signaling between the NNE and dorsal neural tube
and suggest that the observed dorsal phenotype in double-mutant
embryos only arises when signaling is disinhibited simultaneously in
both tissues, leading to a net ampliﬁcation of signaling. This possibility
is predicated on the idea that sFRP proteins do not diffuse far from the
cells in which they are produced (Kawano and Kypta, 2003; Lei et al.,
2006). If this is not the case, however, then the production of sFRP2 in
the neural tube may negatively regulate BMP signaling within the
adjacent NNE tissue in a nonautonomous fashion and bidirectional
reciprocal signaling may not occur as suggested. We also noted a
thickened NNE in thoracic regions of double-mutant embryos, which
appears at later developmental times than in lumbar regions where
the NTD was observed. This observation suggests that a similar
signaling interaction between the NNE and neural the tube may be
common to both regions but that the consequences of dysregulating
this process differ along the neuraxis, perhaps owing to differences in
the timing of signal disinhibition relative to neural tube closure in
each region.
Our observations that the NTD phenotype arises following neural
tube closure, rather than as a result of the inability to bring neural
folds together, suggests that it is not due to a failure of convergent–
extension (CE) movements during neurulation, but rather an
inability to maintain closure following normal execution of the CE
process. This is supported by previous observations that midline
mesoderm formation, a process that is typically disrupted in non-
canonical Wnt mutants (Wang et al., 2006), is normal in lumbar
regions in sFRP1;sFRP2 double mutants (Satoh et al., 2006), a result
that we have independently conﬁrmed (K.M. and M.P.M., unpub-
lished observations). It is therefore unlikely that the NTD in double
mutants arises as the result of abnormal non-canonical Wnt
signaling, which is closely linked to CE cell movements and neural
fold elevation (Ybot-Gonzalez et al., 2007). On the other hand, since
our data indicate that canonical Wnt signaling is elevated in double
82 K. Misra, M.P. Matise / Developmental Biology 337 (2010) 74–83mutants, we cannot rule out the possibility that some aspects of the
observed phenotype could be due to alterations (i.e., a decrease) in
non-canonical Wnt signaling, since the two pathways compete for
shared components and sFRP activities can be antagonistic to both
canonical and non-canonical Wnt proteins (Bovolenta et al., 2008;
Jones and Jomary, 2002).
How do sFRP1/sFRP2 proteins inhibit BMP signaling in higher vertebrates?
sFRP proteins are secreted extracellular factors which can bind to
Wnt ligands or their receptors via an N-terminal cysteine-rich
domain (CRD) that is homologous to the extracellular ligand binding
domain of Wnt Fz receptors. It has been shown that the CRD domain
is involved in inhibiting Wnt signaling by binding to and sequester-
ing Wnt ligands from Fz receptors (Bovolenta et al., 2008). Recent
studies in frogs and ﬁsh have also implicated the CRD domain of
sizzled, the anamniote sFRP homolog, in inhibiting Tolloid/BMP1
activity (Lee et al., 2006). Tolloid is a metalloproteinase that
promotes BMP signaling by inactivating the extracellular BMP
inhibitor Chd through cleavage (“chordinase” activity). Binding of
sizzled/sFRP2 to Tolloid/BMP1 can block its chordinase activity,
ultimately resulting in elevated levels of Chd and a net inhibition of
BMP signaling. Interestingly, a number of other proteins that can
directly bind BMP ligand and function as pathway inhibitors possess
similar cysteine-rich repeats (which are also known as “von
Willebrand factor type C” repeats); these include Chd, Crim1, a
transmembrane regulator of BMP signaling (which both have
speciﬁcity for BMP4 in particular), and KCP (Kolle et al., 2000;
Kolle et al., 2003; Larrain et al., 2000; Lin et al., 2006; Wilkinson et al.,
2003), although it is unclear whether these factors are expressed at
the appropriate times and tissues to play a role in neural tube
closure. In contrast, the crossveinless 2 protein, which is expressed in
the dorsal neural tube, has been shown to either enhance or
attenuate BMP4 activity in different contexts (Coles et al., 2004;
Moser et al., 2003). These studies leave open the question of whether
the potential chordinase activities of sFRP1 and sFRP2 are involved in
mediating their role in neural tube closure.
An interesting new function for sFRP proteins has recently been
revealed by studies of heart defects in sFRP2 mutant mice
(Kobayashi et al., 2009). In this work, sFRP2 was found to enhance,
rather than inhibit, the procollagen-C proteinase activity of BMP1/
Tld metalloproteinases, but did not affect their ability to cleave Chd,
unlike earlier studies. This proteinase activity is involved in the
production of the mature forms of collagen types I–III, which are
major components of the extracellular matrix (ECM), and is required
to promote collagen deposition in the myocardium (Kobayashi et al.,
2009). While it is unknown whether other sFRP proteins can also
promote BMP1/Tld pro-collagen proteinase activity, our observation
that the NNE is abnormally thickened in both sFRP1 (K.M. and M.P.
M., unpublished observations) and sFRP1;2 double mutants raises
the possibility that a similar activity could play a role in this tissue.
Furthermore, prior studies have linked ECM collagen (type IV) to the
regulation of extracellular BMP gradient formation in ﬂies and have
also shown that human collagen type IV can bind to BMP4, implying
a conserved role (Wang et al., 2008). Thus, the NNE disruption in
sFRP1 and DKO mutant embryos could in principle lead to abnormal
BMP ligand diffusion in/from the ECM, which might contribute to
the phenotype. Taken together with studies discussed above,
these results illustrate the likelihood that sFRP proteins could
negatively inﬂuence ambient BMP levels at multiple distinct points
in the pathway, both directly and indirectly. Regardless of the
speciﬁc nature of the molecular mechanism, our study reveal that
sFRP proteins possess the capability of antagonizing BMP signaling
in a developmentally important context where multiple signaling
cues are operating to direct tissue morphogenesis and cell fate
determination.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2009.10.015.
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